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1 Objectives

The goal of this project was to investigate the basic mechanisms that deter-
mine the predictability of tropical cyclones undergoing extratropical transi-
tion (ET) and of their subsequent impact on the downstream midlatitude

flow.

The specific objectives were

e to analyze the representation of historical ET events in the North
Atlantic and the western North Pacific in the European Centre of
Medium Range Weather Forecasts (ECMWF) Ensemble Prediction
System (EPS) using a combination of principal component and cluster

analysis.

e toinvestigate the sensitivity of EPS forecasts to initial ensemble pertur-
bations associated with the typhoon undergoing ET, to the stochastic

physics and to higher horizontal resolution.

e to investigate the impact of dropsonde data in tropical cyclones on the

forecast of the downstream flow.

e to investigate the mechanisms by which the tropical cyclone modifies
the downstream flow using idealised modeling and potential vorticity

(PV) inversion.

e to assess the variability in the structure of the low-level wind field

during ET using results from idealised model calculations.
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2 Scientific Importance

Tropical cyclones that are undergoing extratropical transition (ET) are char-
acterized by an increased forward speed, increased asymmetry in the wind
and precipitation fields and an increase in horizontal scale. Thus, although
the maximum wind speed typically decreases, they still pose a considerable
threat to maritime activities as the increased forward speed can lead to a
dramatic and rapid increase in wave height and the increase in scale leads to
a larger areal coverage of gale force winds. Furthermore, the interaction of
the tropical cyclone with the midlatitude flow can result in the excitation of
a Rossby wave packet that can initiate explosive development downstream of
the ET system itself. Predicting ET poses a considerable challenge for numer-
ical weather forecast systems as the interaction between the tropical cyclone
and the midlatitude flow covers a large range of scales from the convective
inner-core of a tropical cyclone to the synoptic-to-planetary-scale Rossby
waves. Reduced predictability may be associated with the direct impact of
an ET event, if the ex-tropical cyclone is predicted to reach a continent as an
extratropical storm. Arguably the larger impact on predictability, however,
occurs due to the above mentioned Rossby wave train. This may initiate ex-
tratropical cyclogenesis in the eastern ocean basin, or modify existent flow
patterns enhancing the risk of severe precipitation events. Due to its influ-
ence on the downstream flow an ET event can lead to significantly reduced

predictability over an entire ocean basin.
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3 Extratropical Transition in Ensemble Predic-

tion

3.1 Case studies

Since there are often large errors in deterministic forecasts of ET (Jones
et al., 2003), it is essential to obtain information about the probability of a
particular forecast. Ensemble forecasts not only give information about the
predictability of synoptic events but represent also a large set of dynami-
cally consistent possible evolutions of the events. Furthermore, they can give

information about scenarios that are less likely but still possible.

Five ET cases including strong and weak events both in the western
North Pacific and the North Atlantic were investigated with the ECMWF
EPS. All five cases exhibited a characteristic trough-ridge-trough pattern in
the midlatitudes on the dynamic tropopause, consisting of the trough that
interacts with the respective TC, a ridge directly downstream and a second
trough downstream of the ridge. It became evident that the ET events were

associated with high uncertainty in the EPS.

The standard deviation was used to quantify the uncertainty at 200 and
500 hPa. The regions of highest standard deviation in the major TC cases
could be found from 18 to 60 h after ET in a trough upstream of the ET,
directly associated with the ET, and in a downstream trough. As the strong
increase of standard deviation was always seen shortly after completion of
the ET irrespective of the forecast interval prior to it, evidence is given that
the uncertainty is tied to the ET. For example, for Typhoon Maemi (2003,

Fig. 1) the region of increased standard deviation originating near 130E is
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due to different representations of the ET of Maemi. The mid-Pacific high

standard deviation is associated with the variability of a downstream trough.

In the weak ET cases the highest uncertainties could be found somewhat
later after ET than for the strong cases, at the location where the remnants of
the weak ET systems merged with the respective midlatitude system. While
the overall uncertainty in the ensemble grows for longer forecast times, several
days after ET the high values of standard deviation associated with the ET
event decrease to more normal values compared with regions that are not
influenced by the ET. This decrease further demonstrates the connection

between the high variability in the ensemble and the ET event.

Initializing the forecast at times, when the relative location of the re-
spective upstream trough to the recurving TC, referred to here as “phasing”,
was better defined, yielded much lower uncertainty for the same forecast lead
time (Fig. 1 b). The connection of the increased variability among ensem-
ble members to the respective ET is reduced but still a comparatively high

uncertainty associated with the ET event remains.

In order to investigate the variability of the ensemble members in associa-
tion with extratropical transition we analysed the five cases of ET in the two
ocean basins using principal component (PC) analysis and clustering tech-
niques (Harr et al., 2007). The leading empirical orthogonal functions (EOFs)
are calculated for the region of interest. They identify the locations where
the variability of the ensemble members is largest i.e. the centers of action.
The leading EOF identifies the dominant synoptic pattern that contributes

most to the forecast variability.

It was found that the EOFs in all five investigated cases showed robust

structures associated with the ETs. The variability in the EPS revealed by
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a)

Figure 1: Standard deviation of 51 ECMWF ensemble members for 500hPa height
during the ET of Typhoon Maemi (black dot). Forecast from a) 10 and b) 11 September
2003 1200 UTC.

them is related to physical scenarios. The uncertainty was based mainly on
two variability patterns: one pattern, that describes an east-west shift of
the trough-ridge-trough pattern (Fig. 2a), and another one that describes
the amplitude of the trough-ridge-trough pattern (Fig. 2b). Although the
maxima of variability associated with ET decreased with decreasing forecast
time, the variability patterns remained connected to the synoptic features of

the ET.

By the aid of a c-means fuzzy cluster analysis applied to the first two
principal components ensemble forecasts were grouped into different clus-
ters according to similar forecast scenarios associated with the ETs. It could
be seen that similar signs of contribution of the individual clusters to the
variability patterns in all five cases led to similar developments of the ETs.
An eastward shift of the trough-ridge-trough pattern implies a faster motion
and development of the ET system, whereas a westward shift implies a slower
motion and development than in the other clusters (Fig. 2¢). A higher ampli-
tude of the trough-ridge-trough pattern in one cluster would imply a deeper

re-intensification of the system and a lower amplitude would imply a weaker
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Figure 2: Schematic of the first two EOFs (thin black lines with | and - signs, top)
denoting a) the shift and b) the amplitude pattern. The dynamic tropopause is represented
schematically. The thick black line represents the strong potential temperature gradient
in the midlatitudes. South of it the potential temperature values should be high, north of
it they should be low. Synoptic patterns that result from the contribution to c) the shift
and d) the amplitude pattern.

re-intensification than in the other clusters (Fig. 2d). These links have the
potential to give the forecaster an indication of the future development of
the system from examining the pattern of the dynamic tropopause during
ET. For example, in the case of Maemi the shift and amplitude patterns are
optimally separated in the EOFs. Thus, the clusters show the effect of the
contribution to the variability patterns best (Fig. 3).

With the aid of the analysis method a range of very different possible
atmospheric developments in the regions of high variability were extracted.

Through the clustering, probabilities could be assigned to each of these de-
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Figure 3: 5 clusters for Maemi for
the ensemble forecast from 1200 UTC 10
September 2003 valid on 0000 UTC 15
September, i. e. 12 h after the investiga-
tion time. Potential temperature at the
dynamic tropopause (shaded, K), surface

velopments based on the number of members contained in each cluster. Fur-
thermore, indications of atmospheric evolutions associated with the ETs that
are not probable but possible are given. Hence, the large number of ensemble
members, showing very different developments during ET, is reduced to a
small number of ET scenarios that are provided with a probability of the ET
event occurring. Thus, the information contained in the EPS can be made

accessible to a forecaster.
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3.2 Experiments

In the ECMWF EPS initial perturbations for the ensemble members are
obtained by calculating singular vectors (SV) with linearized diabatic physics
for areas targeted around tropical cyclones. This procedure aims to capture
the high uncertainty associated with a decaying tropical cyclone moving into

the extratropics.

We carried out experiments rerunning the EPS for the specific ET case
of Typhoon Tokage (2004). The aim was to compare the influence of tar-
geted perturbations, stochastic physics and higher resolution on the track
and intensity forecasts, the representation of overall spread during an ET,
the downstream propagation of uncertainties introduced by an ET event and

the grouping of the ensemble members in the regions of uncertainties.

The EPS experiments showed that sufficient ensemble spread in the track
and improved spread in the intensity forecast depends strongly on the ad-
ditional perturbations targeted on Tokage. Without these, the track spread
in the forecasts, especially that around the recurvature and ET of Tokage,
was underestimated and the analysis was not contained within the ensemble

members (Fig. 4).

In general, the targeted SVs are expected to be appropriate to perturb
larger scale features associated with the track forecast. The stochastic physics
are needed to perturb small scale processes, such as convection in the inner
core of the TC, that determine the intensity (Puri et al., 2001). In our case,
however, the stochastic physics mainly yields sufficient spread in the intensity
for the forecast times before ET. At ET time and thereafter, the targeted
perturbations were responsible for weakening while the stochastic physics led

to more deepening than seen in runs with neither targeted perturbations nor
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Figure 4: Tracks for Tokage based on location of minimum sea level pressure for the
runs with (a) and without (b) targeted perturbations on the TC. ECMWF analysis (black
line with circles), best track (black line with crosses), deterministic forecast (black line
with triangles) and ensemble forecast (colors) from FCST1 for 7 days. Analysis dashed
after ET. Right lower corner: Positions of the ensemble members at ET time (purple x),
analysis, best track and deterministic forecast only shown until ET time.
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stochastic physics.

Tokage weakened considerably shortly after its landfall on Japan. The
extent and rapidity of the weakening was not contained in the ensemble
forecasts with targeted perturbations or with stochastic physics. Clearly, the
weakening, which was probably associated with the landfall in Japan, is too
severe a challenge for parameterization schemes. Other case studies of the
representation of the intensity in the ensemble during the landfall of a ty-

phoon on Japan or other small islands might yield insightful comparisons.

The new high resolution model cycle with targeted perturbations shows
the best spread in track and intensity forecast. More members show a quick
movement of Tokage. This is, however, due to other innovations rather than
to the higher horizontal resolution which is shown by tests runs with the
new model cycle with the lower horizontal resolution used in the old model
cycle. Even with the new model cycle with high resolution and with the
targeted perturbations on Tokage the ensemble forecast of the intensity does

not encompass the analysis over the 24h period of weakening.

The impact of the SVs targeted on Tokage propagates downstream with
the group velocity of a Rossby-wave-train that has been excited by the inter-
action of Tokage with the midlatitudes (Fig. 5a, ¢, e, g). The amplitude of
the wave packet determines the transport of wave energy which can trigger
cyclogenesis far away from the ET event. At 20° per day the group velocity is
slightly smaller than that found by Szunyogh et al. (2002). The growth and
downstream propagation of the impact of the targeted SVs on Tokage yields
a good measure of the rapidity and the extent of the downstream propaga-
tion of errors growing in association with ET. The results indicate that an

ET event can reduce the predictability over an entire ocean basin.
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Figure 5: RMSD difference of the geopotential height (m) at 200 hPa between the
ensemble forecasts from 1200 UTC 16 October 2004 with and without targeted perturba-
tions on Tokage (a, ¢, e, g) and with and without stochastic physics (b, d, f, h) (shaded).
Forecasts for 48 hours prior to ET (a,b), for 24 hours (c,d) prior to ET, for ET (e,f) and for
24 hours after ET (g,h). ECMWF control forecast of geopotential height (black contours).
Eady index (blue contours, values > 0.6, interval: 0.4).

The strong growth of the effect due to the stochastic physics in the vicinity
of the ET and the partial downstream propagation of this effect demonstrates
that there is a distinct reduction of predictability due to parametrized pro-
cesses associated with the ET (Fig. 5b, d, f, h). Stochastic physics can have
an influence on the downstream predictability through perturbations caused

by Tokage’s outflow impinging on the midlatitude jet. The uncertainties due



16 3.2 Experiments

g3

XL N

21 2E31 3RO L

3R 1E

e e
OYGE 70oc 1ToE 1206 130c 140t 130 160 170C 180 170w 160w 150w 1eow SO 100 1106 120t 136 140€ 1S0€ 180E 170€ 180 170W 180w 10w Taow

Figure 6: Spaghetti plots of the cluster means of the 350 K isentrope and the 995
hPa mean sea level pressure isobar. Ensemble forecast for Tokage a) with and b) without
perturbations targeted on Tokage from 1200 UTC 16 October 2004 valid on 1200 UTC 21
October 2004.

to parametrized processes continue growing beyond the medium range.

The use of the EOF /cluster analysis showed that 4 clusters were obtained
only in the runs with targeted perturbations. With stochastic physics alone
or with high resolution alone; 3 clusters were found. Only the targeted per-
turbations with the old model cycle yield one cluster that shows no ET and,
hence, is weaker than the analysis. The reason for the decay of Tokage in this
cluster, however, was not the landfall as in the analysis, but that the TC was
too far south of the midlatitude baroclinic zone. Even with the higher res-
olution and with targeted perturbations on Tokage only one cluster showed
the weakening due to the landfall. However, in this cluster the ex-TC re-
intensified subsequently, as in all the other clusters. This is in contradiction

to the analysis.
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4 Influence of dropsonde data on downstream

forecasts

The reduced predictability downstream of the tropical cyclone was demon-
strated in the study using the ECMWF EPS. These results lead to the
question as to whether enhanced observations in and around the tropical
cyclone improve numerical forecasts downstream of an ET event. The Na-
tional Hurricane Center and Hurricane Research Division (HRD) have been
conducting reconnaissance flights around tropical cyclones for a number of
years. Measurements from dropsondes released from aircraft are assimilated
at operational forecast centers. Targeted observations aimed at improving
hurricane track forecasts were made in areas of increased ensemble spread of
the deep layer mean wind. For short-range forecasts the additional hurricane
data leads to a track forecast error reduction (Aberson, 2003). In this study
we investigate the impact of observations in the vicinity of tropical cyclones

on the forecasts of the downstream flow.

We compare two sets of forecasts from the National Centers for Envi-
ronmental Prediction global model. The first is the operational forecast in
which dropsonde data is assimilated routinely, although no humidity data
is included. This forecast is referred to here as ALLDROP. The second set
contains forecasts rerun by Sim Aberson of NOAA/HRD from an analysis
cycle in which no dropsonde data is included for the whole hurricane season,
referred to here as NODROP. A total of ten forecasts from the 2003, 2004

and 2005 hurricane seasons were investigated here (Boettcher, 2006).

In Fig. 7 the differences between ALLDROP and NODROP for a fore-

cast of Hurricane Ivan (2004) are shown. In the lower and mid troposphere
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Figure 7: Forecast for Hurricane Ivan from 1200 UTC 16 September 2004. Difference
ALLDROP-NODROP (contours), Eady index > 0.5 (day~!, shaded) at a,b) 200 hPa and
c,d) 500 hPa for a,c) +60 h and b,d) 48 h.

differences between the forecasts arise due to different locations and intensi-
ties of the tropical storm in ALLDROP and NODROP. At upper-levels the
differences develop in the region of the midlatitude jetstream. These differ-
ences propagate downstream and grow in regions of baroclinic instability, as
illustrated by the Eady index. A detailed examination of the forecasts sug-
gests that the differences at upper-levels arise due to the interaction of the
tropical cyclone outflow with the sloping midlatitude tropopause. A similar
sensitivity is found for forecasts of Hurricanes Bonnie and Charley 2004 (not

shown).

The impact of dropsonde observations in the vicinity of hurricanes on the
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Figure 8: Forecast error reduction (red), forecast error of ALLDROP (blue) for the
forecast for Ivan from 1200 UTC 16 September 2004 for a) the Atlantic and b) Europe.

downstream flow is quantified using the mean forecast error reduction Fn

(Szunyogh et al., 2000) given by

1
Fn = ;Lz(|fNODROP = fanalysisl = |fALLDROP = fanalysisl) (1)

where the summation is calculated over n gridpoints in the region“Atlantic”
(60-20°W;35-60°N) or “Europe” (20°W-20°E;35-70°N). For Hurricane Ivan
we see a moderate forecast error reduction over the Atlantic after 72 h and
then an increased error after 120 h (Fig. 8). The forecast improvement is
seen further downstream, giving a forecast error reduction of up to 27%
over Europe after 96 h. For ten cases from 2003-2005 (Fig. 9) there is little
change in the forecast for the Atlantic due to the inclusion of dropsonde data.
For Europe a forecast error reduction is seen after 84 h with the maximum

reduction of 15% after 108 h forecast.

This study indicates that observations in the vicinity of a tropical cyclone
that subsequently undergoes ET can have a positive impact on the forecast of
the downstream flow. However, the dropsonde data investigated here has cer-
tain limitations. First, the observations investigated here were not designed

to improve the downstream forecast. Second, no observations were available
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Figure 9: As Fig. 8 for 10 forecasts in 2003, 2004 and 2005.

that documented the interaction of an extratropical transition system with
the mid-latitude tropopause. Finally, dropsonde humidity data is not used in

forecasts.

5 Idealized modelling studies of Extratropical

Transition

In order to investigate the mechanisms leading to the reduced predictability
described in the previous section we conducted a numerical modeling study
to investigate the impact of a tropical cyclone undergoing extratropical tran-
sition on the midlatitude synoptic-scale flow. Three idealised midlatitude
flow scenarios were investigated: a straight jet stream, developing baroclinic
systems excited by a localized initial perturbation and a mature baroclinic
wave. The numerical experiments were performed using the fifth generation
NCAR / Penn State mesoscale model (MM5) in which we implemented pe-
riodic boundary conditions. We used a channel configuration with the full
latitudinal variability of the Coriolis parameter. The channel was approxi-

mately 18 000 km in the east-west direction and 11 000 km in the north-south
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direction with 60 km horizontal resolution. A tropical cyclone was inserted
south of the midlatitude flow. An automatically moving nest with 20 km res-
olution covered the immediate vicinity of the transforming tropical cyclone.
The sea surface temperature was a time invariant function of latitude. Hov-
moeller diagrams were used to investigate the magnitude and the downstream
propagation of the impact of ET. Piecewise inversion of potential vorticity,
complemented by the partitioning of the flow into its rotational and diver-
gent parts, was applied in the straight jet case to assess the impact of the

ET system on the midlatitude flow quantitatively.

5.1 Straight jet case

In our basic experiment a tropical cyclone interacts with the most simplified
representation of the midlatitude flow regime: a straight jet. The prominent
features of the interaction are a jet streak that forms in the region where the
outflow of the tropical cyclone impinges on the jet and a ridge-trough couplet
on the tropopause. Both features amplify during the interaction (Fig. 10a,
b). Beneath the left exit region of the jet streak rapid surface cyclogenesis
takes place (Fig. 10b, c¢). At upper levels the ridge-trough pattern extends
downstream as a wave pattern and initiates a family of cyclones (Fig. 10c, d)).
The evolution downstream of ET can be viewed as downstream baroclinic
development with the tropical cyclone undergoing ET acting as the initial
perturbation. The temporal evolution of the upper-level wave pattern can be
interpreted as the excitation of a Rossby wave train by the ET event and its
subsequent propagation downstream (Fig. 11). We find also an indication of
significant moisture transport into the midlatitudes associated with the ET

system, both around its centre and ahead of the pronounced cold front (not
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Figure 10: Section of the model domain that corresponds to 14° - 65° N, potential
temperature (shaded) and wind speed higher than 45 ms=! (thick contour lines, every 5
ms~!) on the dynamic tropopause (2 PVU) and surface pressure (black contours, 995 hPa
= solid, dashed for values smaller 995 hPa, every 5 hPa) for (a) 120 h, (b) 156 h, (c) 192
h and (d) 240 h for the straight jet experiment. Tick marks every 600 km. The two lines
on the left of (a) denote the zonal band used for the Hovmoller diagram (see below).

shown).

We performed piecewise PV inversion to quantify the contribution of the
non-divergent, balanced circulation associated with specific flow features to

the evolution of the upper-level wave pattern. A Helmholtz partitioning of

"
L0000000

17

Figure 11: Hovméller plot of the 200 hPa meridional wind speed (ms~!) averaged over
the zonal band of width 3000 km indicated in Fig. 10a for the straight jet experiment.
Warm colors — southerlies, cold colors = northerlies. The x-axis is labeled in 103 km and
the y-axis (time) in days. Open circle denote the meridional position of the ET system.
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the flow was applied to account for the contribution of the divergent flow.
Very early in the interaction the divergent flow within the outflow of the
tropical cyclone is responsible for the building of the ridge (not shown). In
the later stage of the interaction the balanced, cyclonic circulation of the
decaying tropical cyclone is an important contributor to ridge amplification
(Fig. 12a). The divergent component of the flow remains equally important
but is no longer clearly attributable to the outflow alone (not shown). The
balanced, non-divergent circulation associated with the outflow anomaly pro-
motes phase-locking between the upper-level wave and the ET-system. Fur-
ther, it contributes significantly to trough development downstream and to
the formation of a low-© streamer extending into the south of the domain
(Fig. 12b). Low-level feedback is negligible until late in the interaction and
diabatic modification of the midlatitude PV gradient is not important for

the building of the ridge directly downstream of ET either.

Figure 12: Potential temperature (0, shaded), balanced wind (arrows) and meridional
advection of © (contours) on the dynamic tropopause (2 PVU) for a) the positive PV
tower and b) the outflow anomaly at 132 h. Contour lines at 2, 4, 8 and 16 x 1075 Ks™!
for © < 360 K. Dashed contours denote northward advection of high © air, solid lines
southward advection of low © air. The asterisk marks the position of the tropical cyclone.
Dotted grid lines are drawn every 1000 km. Note the different scaling of the wind arrows.
The arrow in the right panel denotes the axis of the ridge.
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The PV diagnosis reveals that the circulation associated with the ET sys-
tem has a profound impact on the evolution of the ridge-trough pattern over
an extended period of time. This is in marked contrast to traditional initial
value studies of baroclinic development in which the initial perturbation is
embedded in the midlatitude flow, subject to strong horizontal and vertical
shear, and thus loses its initial structure rapidly. In our experiments the trop-
ical cyclone represents an external forcing on the jet in the early stage of the
interaction. Although the tropical cyclone becomes embedded in the midlat-
itude flow during ET it still maintains a coherent structure for an extended
period. Thus, the tropical cyclone can be compared to a long-lived local wave
maker. Through this analogy it is clear that the structure of the ET system
has a significant impact on the development downstream. This impact is here
found to be greatest one wave length downstream of ET. In the tropical as
well as in the transformation phase convective processes are essential for the
maintenance of the coherent structure of the tropical cyclone. Thus a correct
representation of the ET system, a challenge for current numerical weather
prediction models, is of crucial importance not only for the forecast of ET

itself but also for the predictability of the downstream flow.

Sensitivity experiments (not shown) highlight the importance of the at-
mospheric state in the midlatitudes for the propagation of the Rossby wave
train. Consistent with the theory of Rossby wave propagation on a localized
barotropic jet we find a higher group velocity for stronger jet streams. For
a weaker jet the upper level disturbance has a more meridional orientation
and a smaller wave length. This is consistent with the tropical cyclone acting
on the jet as a localized wave maker. The low pressure system developing
just downstream of ET also exhibits a gréater tendency to the anticyclonic

paradigm of life-cycle behavior for a weaker jet stream. Further, diabatic
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processes in the midlatitudes are found to be important for the amplitude of

the upper-level wave train.

5.2 ET scenarios with baroclinic waves

A baroclinic wave constitutes a more realistic albeit more complex repre-
sentation of the midlatitude flow. We consider two contrasting scenarios in
greater detail: developing baroclinic systems excited by a localized initial per-
turbation (referred to as the developing case in the following) and a mature
baroclinic wave excited by a periodic initial perturbation (mature case). In
both scenarios the impact of the ET system on the baroclinic development
is inferred from the differences between the baroclinic life cycle experiment
(LC run) and an experiment in which the ET system is present within the

integration domain (ET run).

Developing case

In the developing case the initial position of the tropical cyclone is cho-
sen so that ET takes place upstream of a midlatitude low pressure system
in the early stage of development. Similar to the straight jet experiment
an amplified ridge-trough pattern and a pronounced jet streak is found just
downstream of ET (Fig. 13). Arguably, this provides a more favorable upper-
level forcing for baroclinic development and the system just downstream of
ET develops more strongly and rapidly than in the LC run (Fig. 14). The
stronger development leads to the amplification of the leading edge of the
upper-level wave train. The more pronounced upper-level wave, in turn, pro-
motes stronger subsequent baroclinic development further downstream. The

most pronounced impact of the ET system in this scenario is thus the pro-



26 5.2 ET scenarios with baroclinic waves

motion of downstream development leading to an amplified upper-level wave
train (Fig. 14). Baroclinic feedback by stronger low-level systems - modified
by diabatic processes - is found to be crucial for the coherent propagation of

the amplified wave train.

Figure 13: Same as Fig. 10 but for the developing case at 72 h. The ET run is shown
in a) the LC run in b).

Figure 14: Same as Fig. 13 but at 108 h.

The advection patterns of the PV inversion diagnosis in the straight jet
case suggest that a stronger storm should yield a larger amplification of the
leading edge of the upper-level wave train. This idea is supported by sen-
sitivity experiments with respect to the initial storm strength (not shown).
However, we also find an increasing translation speed for stronger storms. Dif-
ferences in translation speed lead to different relative locations of the tropical
cyclone and the developing wave during ET. This highlights the complexity
of the ET process but complicates the interpretation of our sensitivity ex-
periments. In general, however, the sensitivity experiments show a stronger

downstream impact for a more intense ET system.
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Figure 15: Same as Fig. 11 but for a) the ET run and b) the LC run of the developing
case.

Mature case

A periodic initial perturbation is used in this scenario to excite baroclinic
development. At the time of the interaction with the tropical cyclone the
surface lows and the upper-level PV anomalies form vertically coherent and
long-lived vortices in the midlatitudes (Fig. 16a). For the midlatitude sys-
tem interacting with the ET system we observe a rapid disintegration of this
coherent structure (Fig. 16b). This disintegration is arguably due to strong
shearing of the upper-level PV anomaly and also due to a modification of
the low-level frontal structure and diabatic reduction of the upper-level PV
anomaly (not shown). In this scenario the decay of the coherent vortex yields
a stronger zonal orientation of the upper-level flow in the vicinity of the ET
system. Subsequently, the zonal flow orientation leads to the deformation of
the downstream upper-level troughs also and thus the zonal flow orientation
spreads into the downstream region (Fig. 16c and 17). The subsequent defor-
mation of the upper-level troughs downstream - and thus the zonalization of

the upper-level flow — can be regarded as the primary impact of ET on the
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downstream flow in this scenario. The impact, however, is significantly less

than in the developing case.

Figure 16: Same as Fig. 10 but for the ET run of the mature case at 108 h (a), 132 h
(b), 180 h (c), and 240 h (d).
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Figure 17: Same as Fig. 11 but for a) the ET run and b) the LC run of the mature
case.
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6 Low-level wind field during Extratropical Tran-
sition

Significant structural changes in the wind field occur during ET. Although
the maximum wind speed typically decreases, the areal coverage of hazardous
surface winds increases considerably and strong asymmetries develop. In or-
der to provide accurate and timely warnings for an ET system these changes
must be taken into account. Furthermore, reinsurance companies need in-
formation about the strength and spatial distribution of the surface wind
field during ET for their risk assessment of the affected areas. A common as-
sumption when constructing wind hazard maps for tropical cyclones is that
the spatial structure of the wind field is determined by an axially-symmetric
wind profile with a superposed wavenumber-one asymmetry representing the
translation of the vortex. This results in a wind maximum and a broadening
of the wind field to the right of the track. However, there are only limited
observations available to detail the substantial changes in the wind field. In
this study we use data from the idealised model scenarios described in the

previous section to investigate the evolution of the surface winds during ET.

The surface wind field is analysed for an ET scenario in which the tropical
cyclone moves ahead of a broad trough and a cold front into the warm sector
of an occluding midlatitude low pressure system. At 72 h the tropical cyclone
is well south of the midlatitude system with a translation speed of 5 m/s and
has a symmetric wind field in the inner-core (Fig. 18a,b). At 132 h the tropical
cyclone is located ahead of the cold front of the occluding midlatitude low
(Fig. 18¢). The translation speed of the tropical cyclone has increased to
around 14 ms™!. The surface wind field is now broader to the right of the

direction of motion (Fig. 18d). No interaction with the cold front occurs as
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Figure 18: ET scenario from idealised modelling study. Left: potential temperature
at 850 hPa (colour), surface pressure (white contours) and 500 hPa geopotential (black
contours). Right: Surface pressure (solid contours), near surface potential temperature
(dashed contours) and wind speed at approx. 30 m (colours). Fields shown after 72 h (a,
b) 132 h (¢, d) and 156 h (e, f) integration time.
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the storm moves ENE. At 156 h the ET system is seen to interact with the
warm front near the occlusion point (Fig. 18e). The maximum surface wind
speed has decreased, although hurricane force winds are still seen to the east
of the centre and the area covered by wind speeds in excess of 25 ms™! has

increased during ET.
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Figure 19: Radial profiles of near-surface wind speed perpendicular to direction of
translation of tropical cyclone after 72 h (a, b) 132 h (¢, d) and 156 h (e, f) integration
time. Left: Total wind field. Right: wind field from which translation speed of tropical
cyclone has been subtracted. Tick marks are every 50 km and horizontal lines every 5
ms~!. L and R indicate side of profile to left and right of track respectively.

The changes in the surface wind field are analysed in more detail by con-
structing radial profiles of the wind field perpendicular to the direction of

motion. Both the total wind field and the wind field from which the trans-
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lation speed has been subtracted are displayed. At 72 h the profile is rather
symmetric and the maximum wind speed is similar to the left and right of the
track (Fig. 19a). When the translation speed is subtracted, the wind speed
is higher to the left of the track (Fig. 19b). As the tropical cyclone enters the
transformation stage of ET the wind field becomes broader to the right of
the track where the maximum wind speed is higher also (Fig. 19¢). However,
the asymmetry cannot be explained by the translation speed alone, as the
maximum wind speed without translation is much stronger to the left of the
track (Fig. 19d). After 156 h the wind field weakens further and broadens.
The asymmetry becomes more pronounced (Fig. 19e) but can still not be

explained as a translating symmetric vortex (Fig. 19f).

This analysis shows that the simple model of a translating symmetric vor-
tex does not explain the structure of the wind field in this case. The increased
wind speed maximum on the right of the track is much lower than a sim-
ple addition of translation speed would suggest. Despite the differences in the
maximum wind speed left and right of the track, the shape of the radial wind
profiles become more symmetric when the translation speed is subtracted.
This suggests that the broadening is associated with translation, but other
dynamical mechanisms determine the maximum wind speed. Future studies

are needed to quantify these mechanisms.
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